The present work studies the three-dimensional flow field and heat transfer in a model of an internal cooling channel in rotation by means of Large Eddy Simulations (LES). The selected geometry corresponds to a section of an experimental facility documented in the open literature. The channel presents a low aspect ratio cross section, one ribbed wall and square ribs placed perpendicularly to the main flow direction. In order to reduce the computational cost, the length of the computational domain is equal to the rib pitch of the laboratory model, whereas periodic boundary conditions are provided at the inlet and outlet of the domain. The simulations are carried out under the same conditions as in the experiments, namely at a Reynolds number equal to 15,000 and a Rotation number equal to 0.3. The first objective of this work is to provide the three dimensional flow field that experiments were not able to retrieve, and to discuss its impact on the wall heat transfer. Moreover, the dimensionless mean temperature fields in static and rotating conditions are introduced. Secondly, this work aims to study the suitability of an open source Computational Fluid Dynamics (CFD) solver to investigate the heat transfer phenomena in turbine internal cooling. With the selected LES turbulence model and boundary conditions, the present simulations provide a good agreement with the detailed experimental data.
INTRODUCTION
The effects of rotation, including Coriolis and centripetal buoyancy, alter the dynamics and heat transfer of many physical systems. These effects become particularly important in the case of turbine internal cooling. Roughened cooling channels are present in turbine blades in order to allow high Turbine Inlet Temperatures, leading to an increase of the gas turbine efficiency. In the case of a rib-roughened channel under rotation, Wagner et al. (1992) showed that the heat transfer can augment or decrease up to 50-60% of the value in static conditions, depending on the rotation characteristics. Due to this large impact, many investigations have been carried for numerous geometries and different regimes. Reviews of the most significant open literature studies are given by Han et al. (2012) and Ligrani (2013) .
The dimensionless parameters that rule the flow dynamics and heat transfer in rotating systems are the Reynolds ( ), Prandtl ( ), rotation ( ), and buoyancy ( ) numbers:
where 0 is the fluid reference density, is the bulk velocity, is the channel hydraulic diameter, is the molecular viscosity, is the specific heat capacity at constant pressure, is the thermal conductivity, Ω is the angular velocity of the system, Δ is the representative density difference in the channel section and is the distance to the axis of rotation. When rotation takes place, the Coriolis forces and the centrifugal force gradients modify the turbulence mechanisms, induce secondary flows and generate centripetal buoyancy (Johnston (1998)) .
A large amount of the data present in literature is based on overall heat transfer and pressure loss measurements; no details of the flow and heat transfer phenomena were directly observed. Coletti et al. (2012) carried out Particle Image Velocimetry (PIV) in order to provide a detailed picture of the velocity and turbulent fields in a rotating ribbed channel at representative engine conditions ( = 15,000 and = 0.30). When the ribbed wall acts as Trailing Side (TS), the Coriolis forces generate two stream-wise vortices that induce a fluid motion towards the TS in the central area of the wall. Moreover, the turbulence generated in the shear layers is increased, leading to the shortening of the separation bubble downstream of the turbulators. When the ribbed wall acts as Leading Side (LS), the Coriolis-induced secondary flows tend to move fluid away from the LS in the central region, and the turbulence is highly reduced. As a result, the separation bubble downstream of the rib is enlarged. More recently, Mayo et al. (2016a-b) have performed detailed flow field and heat transfer measurements in the same geometry at higher Reynolds and rotation numbers. As documented in literature, the overall heat transfer increased on the TS and decreased on the LS. However, for rotation number larger than 0.3-0.4 no further variations on the heat transfer were observed. It was therefore suggested that the secondary flow pattern was altered, explaining the observed velocity field and wall heat transfer.
The availability of exhaustive measurements such as those by Iacovides et al. (1998 Iacovides et al. ( , 1999 and Coletti et al. (2012) have triggered several numerical simulations and have allowed the development of CFD in rotating cooling channels. LES were performed by Fransen et al. (2013) on the same geometry as Coletti et al. (2012) , whereas Borello et al. (2015) reduced the domain to a single rib pitch in order to increase the mesh resolution. Also, Kubacki et al. (2016) and Xun and Wang (2016) have presented numerical results by means of hybrid RANS/LES simulations. At higher rotation numbers, Mayo et al. (2016c) carried out LES in order to investigate the complete three-dimensional flow field under rapid rotation, and to support the conclusions drawn by Mayo et al. (2016a) at = 15,000 and = 0.78. Nevertheless, the latter numerical studies focused on the velocity field, i.e., the heat transfer process was not addressed. Therefore, the present work proposes a numerical procedure to include the heat transfer process in the LES of the flow in rotating channels. The methodology introduces the turbulence modeling, boundary and initial conditions selected to perform the simulations with an open source CFD software. The results are compared with the liquid crystal thermography data delivered by Mayo et al. (2016b) at = 15,000 and = 0.30, and a discussion on the flow and heat transfer phenomena is provided.
TEST CASE AND NUMERICAL METHOD
The selected geometry represents a portion of the 8-rib channel studied by Mayo et al. (2016a-b) , with a length equal to the rib pitch ( = 150 mm). The domain is shown in Fig. 1 . The height of the channel is equal to 153 mm, whereas the width is equal to 138 mm, providing a section with a hydraulic diameter equal to 145 mm and an aspect ratio equal to 0.9. A square rib with a 15 mm side ( ) is placed on the bottom wall, perpendicularly to the stream-wise direction. Therefore, the rib pitch to height ratio is equal to 10 and the blockage ratio is equal to 9.8%. The dynamic viscosity is set to 1.511 m 2 /s, whereas a constant bulk velocity ( ) equal to 1.562 m/s is imposed in order to keep the Reynolds number equal to 15,000. The molecular Prandtl number of the fluid is set to 0.72 in the whole domain. The channel is studied under static and rotating conditions in a frame of reference fixed to the channel. The frame of reference, represented in Fig. 1 , has its origin at the intersection of the trailing edge of the rib, the bottom wall and the symmetry plane of the channel. The stream-wise direction is represented by the axis, the vertical direction by the axis and the span-wise direction by the axis. The channel is rotated around the axis both in the clockwise and counter-clockwise directions in order to assess the effects of span-wise rotation on the flow and the wall heat transfer. The ribbed wall acts as leading side (LS) when the channel is rotated in the clockwise sense, and as trailing side (TS) when rotation takes place in the counter-clockwise sense. The rotational speed is set to 31.86 rpm, providing a Rotation number equal to 0.31. The distance from the axis of rotation to the origin of the reference frame is equal to 830 mm, which is equal to the distance from the investigated area (i.e. from the 6 th rib) to the axis of rotation in the experimental investigation by Mayo et al. (2016a-b) .
The domain is discretized in a multi-block, structured mesh of 958440 hexahedra elements. The mesh is refined in the near wall regions and in the shear layer area, at the level of the rib's tip face. The resulting mesh has about 97, 150 and 70 elements in the , and directions, respectively. The most adverse condition in terms of mesh resolution occurs under counter-clockwise rotation, when the shear layer generated by the rib is destabilized, increasing the turbulence level and the velocity gradients. In that case, the average + is equal to 1.9, whereas the maximum + is equal to 7.1, on the surface of the rib. Nevertheless, the average + is equal to 2.3 on the rib surface. The present Large Eddy Simulations solve the filtered Navier-Stokes equations for an incompressible flow in the rotating frame of reference,
where ̃ is the resolved velocity vector, is the time, is the effective pressure, is the kinematic viscosity, is the subfilter-scale eddy viscosity, is the angular velocity vector, is the pressure gradient causing the global mass flow,̃ is the resolved temperature field and is the turbulent Prandtl number. Note that the continuity and momentum equations are uncoupled from the energy equation, hence the temperature is considered as a passive scalar in the present approach. Since the flow is incompressible, the pressure and centrifugal forces have been combined in the effective pressure term, Ω
where is the distance to the axis of rotation. The supplementary term represents the pressure gradient that results from imposing a defined mass flow and periodic boundary conditions for the velocity (Patankar et al. 1977) . The subfilter-scale stress tensor arising from the filtering operation has been modelled using the localized k-equation subgrid-scale model proposed by Kim and Menon (1995) . Therefore, the subfilter-scale eddy viscosity is assumed to be a function of the local subfilter-scale kinetic energy, for which an extra transport equation needs to be solved. Despite the complexity with respect to algebraic models, the present model provides several advantages detailed by Kim and Menon (1995) . Moreover, the model does not need any additional modification due to the system rotation, since the formulation of the turbulent kinetic energy equation does not depend explicitly on the angular velocity. On the other hand, the subfilter heat flux in the energy equation is modelled with an eddy diffusivity directly proportional to the subfilter-scale eddy viscosity, / . The value of the turbulent Prandtl number, , has been selected based on the analysis carried out by Moin et al. (1991) in the case of a channel flow with a fluid of molecular Prantdl number equal to 0.71. Since the value of the turbulent Prandtl number was about 0.5 in most of the domain in the latter investigation, the present investigation employs = 0.5, similarly to Murata and Mochizuki (2000) and Sewall and Tafti (2006) .
The simulations have been carried out with the open source CFD toolbox OpenFOAM. A finite volume, large time step transient solver for incompressible flows, based on the PIMPLE algorithm, has been employed to solve the filtered Navier-Stokes equations. The convection and diffusion terms in the momentum equation have been discretized with a second order central differencing scheme, whereas a second order implicit backward scheme was employed in the temporal discretization. In the energy equation, the convective term has been discretized employing a second order upwind scheme. The convergence criterion was set to 10 -6 for the residuals in the continuity equation, and to 10 -5 in the momentum and energy equations. The time step is about 9×10 -5 s in order to impose a CFL number below 1.
No-slip conditions have been imposed at the walls. Periodic boundary conditions are applied to the velocity and the temperature fields at the inlet and outlet sections of the channel, / = ±5. In the present simulations, the mass flow is imposed in order to obtain the required Reynolds number. As a result, the pressure gradient that causes the velocity field ( ) is an unsteady magnitude. In order to match the experimental conditions of Mayo et al (2016b) , the value of the temperature at the top and lateral walls ( / = 10.2 and / = ±4.6, respectively) has been set to 293 K. The referenced experimental setup consisted on a heated wall on which the ribs, made in Plexiglas, were placed. Therefore, the interface between the ribs and the fluid was not directly heated. Since the thermal conductivity of the Plexiglas is relatively low, an adiabatic wall boundary condition was applied on the rib walls in the present investigation. Finally, a uniform temperature, equal to 314 K, was imposed on the bottom wall ( / = 0) in order to generate the heat transfer from the bottom wall to the fluid. The value of the temperature on the bottom wall has been taken equal to the average wall temperature during the experiments.
A first Large Eddy Simulation was carried out on a coarser mesh (160,000 cells) in order to initiate the turbulent flow and then interpolated into the final mesh. After the stabilization of the flow variables, each simulation was continued for a period of time equal to 6s (that is, about 62 flow-through-times). During this time, the data was acquired and the statistical quantities were calculated.
RESULTS
The present LES are compared in Fig. 2 with the experimental data by Coletti et al. (2012) and Mayo et al. (2016a) in the symmetry plane of the channel at different rotating conditions. The stream-wise mean velocity and turbulent profiles show a satisfactory agreement with the data present in literature, especially in the static and counter-clockwise rotating cases. Under counterclockwise rotation (Fig. 2(b) ), the shear layer generated by the rib is destabilized, increasing the turbulence level locally. The wall region is also affected by rotation, leading to higher turbulence levels. On the other hand, the Coriolis-induced secondary flows drive fluid to this region of the channel, which results on higher momentum and shear in this area of the domain.
When rotation takes place in the clockwise sense (Fig. 2(c) ), the shear layer is stabilized and the turbulence intensity is reduced. In this way, the recirculation region downstream of the rib is enlarged in the stream-wise direction. Moreover, the secondary flows do not provide momentum to this region of the channel, leading to lower velocities in the neighborhood of the wall. In the present investigation, the recirculation bubble extends over the complete inter-rib region, which does not occur in the experiments by Coletti et al. (2012) and Mayo et al. (2016a) . Nevertheless, the velocity and turbulence profiles are very similar to the data given by Coletti et al. (2012) . The turbulence field provided by the present simulations shows slightly lower values than the experimental data, which corresponds to a reduction of the momentum interchange between the near wall region and the core flow, and results in lower values of the stream-wise velocity in this area. Also in the LES by Borello et al. (2015) , the LES provided lower momentum in the clockwise case. The disagreement between the numerical and experimental data may be caused by the degree of development of the flow in the test facility and the boundary conditions applied in the simulations (i.e., reduced domain with periodic boundary conditions). However, the flow might not be fully established in the experimental test section under clock-wise rotation since there are evident differences in the velocity profiles at / = 0 and 10, particularly in the case of the data of Mayo et al. (2016a) for / > 2.5. If the present velocity profile is compared at / = 0 and 10, it is possible to observe a better agreement at / = 10. The dimensionless temperature field has been calculated as
where the overbar corresponds to the time-averaged value, is the temperature of the top wall (equal to 293 K) and is the temperature of the bottom wall (equal to 314 K). This magnitude is extracted at / = 3.33 and represented together with the in-plane streamlines in Fig. 3 . In order to provide a clear representation of the secondary flows and the thermal behavior, the represented velocity and temperature fields have been obtained by averaging the original values at each side of 0 0 the symmetry plane. As a result, both the streamlines and dimensionless temperature contours are symmetrical with respect to the axis.
In static conditions ( Fig. 3(a) ), two counter-rotating vortices induced by the rib occupy the top half region of the channel. These secondary flows induce a fluid motion towards the bottom corners, increasing the temperature gradient in this region. Under counter-clockwise rotation (Fig. 3  (b) ), the rib-induced and Coriolis-induced secondary flows are combined. Nevertheless, the combination provides a secondary flow pattern similar to the one in static conditions, consisting of the momentum transport from the core flow to the bottom wall (TS), particularly in the corner region. On the other hand, the vertical velocity magnitude (not shown here for the sake of brevity) is higher than in static conditions. Additionally, the flow is destabilized by rotation, which results in a higher temperature gradient close to the TS. When rotation takes place in the clockwise sense (Fig. 3(c) ), the secondary flow pattern changes considerably. The Coriolis-induced secondary flows drive still drive fluid from the TS to the LS in the vicinity of the lateral walls, which leads to a large negative vertical velocity in the vicinity of the lateral walls. Two additional counter-rotating vortices appear at / ∼8 due to the Taylor-Görtler-like instability on the top wall. Due to the size of the separated shear layer generated by the rib, these Coriolis-induced secondary flows do not interact actively with the bottom wall, which leads to low fluid temperatures close to the lateral walls. Also, the temperature gradient close to the bottom wall is much lower than in the previous cases due to the stabilization of the shear layer, which leads to high temperatures in this region. Due to the low heat transfer on the LS and the reduced interaction of the secondary flows with the heated wall, the temperature gradients in the span-wise direction are very important in this case. On the top half region, the destabilization of the flow and the rise of stream-wise Taylor-Görtler vortices lead to a higher temperature gradient in the vertical direction. The rotation effects can be also observed in the dimensionless heat transfer on the walls. The present results have been given in terms of the Enhancement Factor in order to compare with the experimental data given by Mayo et al. (2016b) :
where is the Nusselt number and 0 is the Nusselt number corresponding to the Dittus-Boelter correlation as discussed by McAdams:
The local Nusselt number has been calculated as
where / is the wall heat flux and is the temperature at the center of the test section. Note that in contrast to what it is most often done to post-process wall temperature measurements, no use of the thermal conductivity value was made in the calculation of the Nusselt number in the present work, due to choice of a fluid of constant properties.
The Enhancement Factor contours on the lower wall have been compared with the data of Mayo et al (2016b) in Fig. 4 . In general, the data presents a good agreement with respect to the experimental observations, in terms of distribution and overall values. Under static conditions (Fig.  4(a) ), the footprint of the separation bubble behind the rib is similar to that of the experiments, showing low values, and with a larger extension in the stream-wise direction in the central region of the channel. The location of the maximum corresponds to the flow reattachment region, about 3-4 downstream of the obstacle at the mid-span. The length of the separation bubble close to the lateral walls is reduced due to the action of the rib-induced secondary flows, which push fluid towards the bottom corners, adding momentum to this region, and finally increasing the heat transfer. Further downstream, the temperature in the thermal boundary layer increases, reducing the temperature gradients and the heat transfer. When rotation takes place in the counter-clockwise sense (Fig. 4(b) ) there is an overall increase of the heat transfer due to the higher turbulent activity close to the represented wall. It can be observed that the recirculation bubble behind the rib and the effect of the Coriolis-induced secondary flows close to the lateral walls are correctly simulated. The maximum value of the Enhancement Factor is somewhat larger than in static conditions, not only due to the turbulence increase, but also because of the induced wall-normal velocity (Fig. 3(b) ). Under clockwise rotation, the Enhancement Factor shows lower values due to the flow stabilization and the large size of the recirculation bubble. Only close to the lateral walls, the Enhancement Factor shows high values due to the Coriolis induced secondary flows, illustrated in Fig. 3(c) . In this case, the Enhancement Factor level is slightly lower than in the experiments, which can be related to the lower turbulence level and wall velocity gradients (Fig. 2(c) ) found in the present simulations.
On the other hand, differences are also found in certain regions, such as the vicinity of the lateral walls and the rib. These differences are likely related to the selected boundary conditions. In the case of the channel corners, the temperature gradients are expected to be high due to the temperature difference between the bottom wall and the lateral walls, which increases in turn the Nusselt number. On the other hand, the model employed to estimate the heat conduction losses by Mayo et al. (2016b) was limited to the assumption of a 1-D solid, which may bring higher uncertainties in the regions where the wall temperature surface gradients are important. This is also important in the region next to the rib, where the present simulations provide higher values than in the experimental measurements. Besides, the experimental setup in the experimental reference consisted of a heating foil covering the bottom wall of the channel, and the rib (made of acrylic glass) was placed on the top of the foil. Since the thermal conductivity of the rib is low, the present simulations have assumed adiabatic boundary condition on the rib walls. However, it is evident that the rib in the experimental setup is heated up from its bottom base, and heats up the flow. Moreover, the fluid just upstream of the rib is recirculating, which leads to a higher temperature in front of the rib, and reduces locally the effective heat transfer on the bottom wall. In the present LES, the flow brings cold fluid towards the recirculation area just upstream of the rib. Since this cold fluid is not heated up by the rib, the temperature difference with respect to the bottom wall increases, providing a higher heat transfer in this region. Likely, the imposition of a temperature or heat transfer distribution on the wall, corresponding to those measured in the laboratory, or coupling the heat transfer between the solid and fluid, would lead to a better agreement in the regions aforementioned.
CONCLUSIONS
The capability of the presented procedure to predict accurately the flow field and wall heat transfer in rotating internal cooling channels by means of LES has been evaluated by comparison to the experimental data provided by Coletti et al. (2012) and Mayo et al. (2016a-b) . The comparisons have demonstrated an excellent agreement with the experimental data under each rotating condition, both in the aerodynamic and thermal features. On the other hand, apparent differences in the wall heat transfer have been found in the regions next to the lateral walls and ribs, possible due to the selected boundary conditions. The simulations also provide valuable information concerning the velocity and temperature distributions in the whole domain, a work which is certainly complex to be carried out in laboratory experiments. Under static conditions, two counter-rotating stream-wise vortices, induced by the rib, have been identified. These vortices induce a fluid motion towards the ribbed wall, especially important in the region next to the lateral walls. As a result, the recirculation bubble is reduced and the heat transfer is highly enhanced in this area. Under counter-clockwise rotation, the fluid next to the ribbed wall is destabilized by rotation, which leads to a high turbulence level. Moreover, not only the rib-induced vortices, but also the Coriolis-induced secondary flows bring momentum towards the bottom wall, resulting in large temperature gradients close to the ribbed wall and a high heat transfer. On the contrary, the flow is stabilized when rotation takes place in the clockwise sense, reducing the turbulence level, enlarging the recirculation bubble downstream of the rib and reducing the momentum level close to the ribbed wall. Subsequently, the heat transfer is reduced considerably. The Coriolis-induced secondary flows generate two stream-wise vortices that do not interact actively with the ribbed wall, presenting temperatures close to those of the lateral walls. Since these secondary flows drive the cold fluid towards the ribbed wall on its sides, the heat transfer is locally enhanced in these regions.
